1. Introduction {#sec1-nanomaterials-05-01544}
===============

The blood glucose level is usually used as a clinical indicator of diabetes mellitus, which is a global health problem with devastating social and economic impact \[[@B1-nanomaterials-05-01544]\]. Amperometric glucose oxidase electrodes have played a leading role in blood sugar testing and point-of-care diagnostics \[[@B2-nanomaterials-05-01544]\]. Immobilizing enzymes efficiently on the electrode surface is one of the most challenging tasks in biosensor fabrication \[[@B3-nanomaterials-05-01544]\]. Both the substrate and the immobilization of enzyme on the substrate is critical because performance is significantly affected by electron transfer and binding strength between the enzyme and electrode \[[@B4-nanomaterials-05-01544]\].

With the advent of nanotechnology, it became clear that the conductive nanomaterials-treated electrode can provide favorable conditions for efficient electron exchange between the electrode substrate and enzyme, and can significantly improve the sensitivity \[[@B5-nanomaterials-05-01544],[@B6-nanomaterials-05-01544],[@B7-nanomaterials-05-01544]\]. One-dimensional (1D) nanostructures such as nanorods, nanowires, and nanotubes can offer direct and fast electron transport to the electron collecting electrode \[[@B8-nanomaterials-05-01544],[@B9-nanomaterials-05-01544]\]. In particular, gold nanorods (AuNRs) have been proved to be versatile and tunable materials compared to other materials including spherical nanoparticles; especially in the detection field due to the shape anisotropy of nanorods \[[@B10-nanomaterials-05-01544]\], AuNRs, the elongated gold nanoparticles, have been used to immobilize biological molecules in order to fabricate different biosensors due to their unique characteristics such as good electron mediation capability, biocompatibility, and the ease of surface modification \[[@B11-nanomaterials-05-01544],[@B12-nanomaterials-05-01544],[@B13-nanomaterials-05-01544]\]. AuNRs-based hybrid nanostructures were found to be a novel biocompatible nanocomposite material used in electrochemical sensors. For example, Li *et al.* fabricated a new glucose electrochemical biosensor by using the composite membrane of multi-walled carbon nanotubes (MWCNTs) and AuNRs to immobilize glucose oxidase onto the electrode surface, in which glucose oxidase could keep its own activities and the degeneration of glucose oxidase did not happened \[[@B14-nanomaterials-05-01544]\]. Recently, the electrochemical indomethacin biosensor was developed using AuNRs and graphene oxide-incorporated carbon nanotube paste-modified glassy carbon electrodes \[[@B15-nanomaterials-05-01544]\]. Meanwhile, Goulart *et al.* reported a nanohybrid platform based on MWCNTs and AuNRs, and showed good electrocatalytic properties of [l]{.smallcaps}-cysteine \[[@B16-nanomaterials-05-01544]\]. AuNRs-based nanocomposites can achieve even broader functionalities and applications because of the unique inherent physical properties originating from the one-dimensional shape of nanoparticles \[[@B17-nanomaterials-05-01544]\].

However, these 1D nanostructures have the major disadvantage of having insufficient surface area for enzyme immobilization, and this must be overcome before 1D nanostructures can be applied to the construction of biosensors \[[@B8-nanomaterials-05-01544],[@B18-nanomaterials-05-01544]\]. The coupling of sol-gel and the self-assembly process is an effective method for the preparation of three-dimensional sol-gel network and multilayer films, which can effectively adsorb enzyme, and optimize enzyme loading. One of the quality examples was the fabrication of a horseradish peroxidase amperometric biosensor developed by self-assembling gold nanoparticles to a sol-gel network, which exhibited high sensitivity, good reproducibility, and long-term stability \[[@B19-nanomaterials-05-01544]\]. We previously demonstrated that a favorable bienzyme amperometric acetylcholine biosensor using the self-assembly process in combination with the sol-gel technique achieved the optimum acetylcholinesterase loading \[[@B20-nanomaterials-05-01544]\]. Meanwhile, these nanoparticle ensembles deposited on electrodes can increase the surface area of the electrode by generating a porous surface, and can provide intimate contact with enzymes \[[@B21-nanomaterials-05-01544]\]. Therefore, the three-dimensional sol-gel network and multilayer films used as the immobilization matrix can overcome the shortcomings of 1D nanostructures, and also can develop the advantages of 1D nanostructures.

In this study, we utilized the coupling of sol-gel and the layer-by-layer self-assembly process to fabricate a novel amperometric glucose biosensor based on 1D nanostructures AuNRs and single-walled carbon nanotubes (SWCNTs) for meeting the demand of the effective substrate and the immobilization of enzyme on the substrate. The resulting biosensor should provide new thoughts for the development of the amperometric biosensors based on 1D nanostructures, which can exhibit the benefits of the advantages of 1D hybrid nanostructures, the three-dimensional sol-gel matrix, and stereo self-assembly films.

2. Results and Discussion {#sec2-nanomaterials-05-01544}
=========================

2.1. Preparation and Morphology Characterization {#sec2dot1-nanomaterials-05-01544}
------------------------------------------------

Experiments were carried out with the aim of developing a novel amperometric glucose biosensor based on stereo layer-by-layer self-assembling AuNRs and glucose oxidase (GOD) to SWCNTs-functionalized three-dimensional sol-gel matrix, as shown in [Figure 1](#nanomaterials-05-01544-f001){ref-type="fig"}. Here, a thiolated aqueous silica sol was not only used for immobilization of SWCNTs, but also used to assemble AuNRs via the Au--S bond. Poly(diallyldimethylammonium chloride) (PDDA) on the surface of AuNRs and SWCNTs can provide a friendly interface for the assembly of GOD through electrostatic interaction between positively charged PDDA and negatively charged GOD \[[@B22-nanomaterials-05-01544]\]. Sol containing SWCNTs was firstly assembled on the surface of a cleaned Au electrode, the sol-SWCNTs/Au Electrode. Then the alternate self-assembly of PDDA-AuNRs and GOD was on the sol-SWCNTs/Au electrode surface to obtain the sol-SWCNTs-(AuNRs-GOD)*~n~*/Au electrode. This hydrogel is frequently used in biomedical applications and is an ideal material for enzyme immobilization because of its nontoxic nature and good biocompatibility \[[@B2-nanomaterials-05-01544]\]. Compared to the immobilization of enzymes onto substrate surface, the incorporation of enzymes into the matrix has the potential to increase the enzyme loading as well as to protect the enzyme from the surrounding environment \[[@B23-nanomaterials-05-01544]\].

Considering the biotoxicity of cetyltrimethylammonium bromide (CTAB) in AuNRs solution \[[@B24-nanomaterials-05-01544],[@B25-nanomaterials-05-01544]\], the positively charged PDDA was used as the specific ligand for functionalized conjugation on AuNRs surfaces to reduce the biotoxicity of AuNRs, and was also used to produce a stable aqueous PDDA-SWCNTs suspension. SWCNTs and AuNRs were solubilized in the aqueous PDDA solution, evidenced by TEM measurement and the homogeneous dark SWCNTs suspension ([Figure 2](#nanomaterials-05-01544-f002){ref-type="fig"}A) and deep purple AuNRs suspension ([Figure 2](#nanomaterials-05-01544-f002){ref-type="fig"}B). The results indicated SWCNTs can exist both individually and in small bundles, indicating a satisfactory dispersibility. AuNRs are rod-like. The average diameter of nanorods is 20 nm, and the average length is 45 nm. It has been demonstrated that small-sized gold nanoparticles can be both diffused into and on the surface of the sol-gel matrix \[[@B20-nanomaterials-05-01544]\]. Therefore SWCNTs and AuNRs used in this work can form a continuous array of SWCNTs and AuNRs in the sol-gel matrix, providing a favorable microenvironment.

![(**A**) Hydrolysis of (3-mercaptopropyl) trimethoxy silane (MPTMOS) and the molecular structure of Poly(diallyldimethylammonium chloride) (PDDA); (**B**) The stepwise fabrication process of the biosensor based on stereo self-assembling gold nanorods (AuNRs) and glucose oxidase (GOD) to single-walled carbon nanotubes (SWCNTs) functionalized three-dimensional sol-gel matrix.](nanomaterials-05-01544-g001){#nanomaterials-05-01544-f001}

![TEM images of (**A**) SWCNTs and (**B**) AuNRs.](nanomaterials-05-01544-g002){#nanomaterials-05-01544-f002}

2.2. UV-Vis Analysis {#sec2dot2-nanomaterials-05-01544}
--------------------

UV-visible absorption spectroscopy is a useful tool to monitor the AuNRs and GOD. [Figure 3](#nanomaterials-05-01544-f003){ref-type="fig"} shows the absorption spectra of (a) bare AuNRs, (b) pure GOD, (c) PDDA-AuNRs, and (d) PDDA-AuNRs-GOD. The characteristic absorption spectrum of bare AuNRs was observed at a strong long-wavelength band around 641 nm due to the longitudinal oscillation of electrons and a weak short-wavelength band around 516 nm due to the transverse electronic oscillation. Pure GOD had a sharp absorption peak at 277 nm along with a pair of peaks at 373 nm and 471 nm, which were consistent with previous reports \[[@B9-nanomaterials-05-01544],[@B26-nanomaterials-05-01544]\]. As seen from curve c and d, the characteristic absorption peaks of AuNRs and GOD remained in PDDA-AuNRs-GOD, indicating that GOD had been adsorbed on the surface of PDDA-AuNRs.

![UV-Vis absorption spectra of (**a**) bare AuNRs; (**b**) pure GOD; (**c**) PDDA-AuNRs; and (**d**) PDDA-AuNRs-GOD.](nanomaterials-05-01544-g003){#nanomaterials-05-01544-f003}

2.3. Cyclic Voltammetric Characterization {#sec2dot3-nanomaterials-05-01544}
-----------------------------------------

Cyclic voltammetry of \[Fe(CN)~6~\]^3−/4−^ is a valuable tool for testing the changes of electrode behavior after each assembly step of the modified electrode. [Figure 4](#nanomaterials-05-01544-f004){ref-type="fig"} shows the cyclic voltammograms of the (a) bare electrode, (b) sol-SWCNTs/Au, (c) sol-SWCNTs-AuNRs/Au, and (d) sol-SWCNTs-AuNRs-GOD/Au in 0.1 M KCl containing 5 mM \[Fe (CN)~6~\]^3−/4−^ (1:1) with a scan rate of 50 mV/s. A pair of redox peaks corresponding to the redox reaction of \[Fe(CN)~6~\]^3−/4−^ was observed at the bare Au electrode (curve a). When the electrode was modified with sol-SWCNTs, the peak currents decreased, and the peak-to-peak separation increased (curve b). This may be due to the insulation properties of the sol membrane \[[@B19-nanomaterials-05-01544]\]. Compare to the sol-SWCNTs electrode, the peak currents of the sol-SWCNTs-AuNRs electrode increased (curve c), indicating the enhancing effect of AuNRs on the electric conductivity of the enzyme electrode. When GOD was further assembled on the sol-SWCNTs-AuNRs (curve d), the peak currents decreased, mainly due to the GOD-reduced electron transfer between anionic \[Fe(CN)~6~\]^3−/4−^ and the electrode. Taken together, the absorbance spectra and cyclic voltammetry data showed that AuNRs and GOD were successfully assembled into the SWCNTs-functionalized three-dimensional sol-gel matrix.

![Cyclic voltammograms of the (**a**) bare Au electrode; (**b**) sol-SWCNTs/Au; (**c**) sol-SWCNTs-AuNRs/Au; and (**d**) sol-SWCNTs-AuNRs-GOD/Au in 0.1 M KCl containing 5 mM \[Fe (CN)~6~\]^3−/4−^ (1:1) with a scan rate of 50 mV/s.](nanomaterials-05-01544-g004){#nanomaterials-05-01544-f004}

2.4. Effect of AuNRs-GOD Multilayers {#sec2dot4-nanomaterials-05-01544}
------------------------------------

To optimize the number of AuNRs-GOD bilayers, the amperometric responses of the (AuNRs-GOD)*~n~*-modified electrodes were studied systematically as a function of the number of bilayers at the applied potential of 0.6 V *vs.* saturated calomel electrode (SCE) under gently magnetic stirring, as shown in [Figure 5](#nanomaterials-05-01544-f005){ref-type="fig"}. Curves 1--7 displayed the amperometric response of the 1--7 layers of the AuNRs-GOD-modified Au electrode to 1 mM glucose in phosphate-buffered saline (PBS, pH 7.0) buffer, respectively. The amperometric glucose biosensor originates from the oxidation current of H~2~O~2~, which generates during the course of the GOD-catalyzed oxidation of glucose in the presence of dissolved oxygen \[[@B27-nanomaterials-05-01544]\]. All the biosensors showed rapid responses upon the addition of glucose, achieving a steady-state current in less than 4 s. The fast response might be due to the excellent electron transfer ability of carbon nanotubes and gold nanoparticles \[[@B28-nanomaterials-05-01544]\]. The amperometric response of the resulting glucose biosensor to glucose increased with the number of AuNRs-GOD from one to four layers, which may be attributable to the increased loading of GOD. The highest response was observed for the sol-SWCNTs-(AuNRs-GOD)~4~/Au electrode, and then gradually decreased upon further increasing the number of bilayers, which may be because the substrates of the enzymes and the reaction products cannot pass smoothly through the thicker films \[[@B29-nanomaterials-05-01544]\].

![Amperometric responses of different layers of AuNRs-GOD bilayer films-modified Au electrode in 1 mM glucose (number of AuNRs-GOD indicated on graph).](nanomaterials-05-01544-g005){#nanomaterials-05-01544-f005}

2.5. Chronoamperometric Response {#sec2dot5-nanomaterials-05-01544}
--------------------------------

[Figure 6](#nanomaterials-05-01544-f006){ref-type="fig"}A showed the amperometric responses obtained for successive additions of 0.01 mM glucose (curve a), 0.1 mM glucose (curve b), and 1 mM glucose (curve c) at the sol-SWCNTs-(AuNRs-GOD)4/Au electrode in PBS at the applied potential of 0.35 V *vs.* SCE under gentle magnetic stirring. Well-defined amperometric step responses were observed for each glucose injection. The linear dependence of current with glucose concentration is given in [Figure 6](#nanomaterials-05-01544-f006){ref-type="fig"}B. The linear range scans the glucose concentration from 0.01 mM to 8 mM with a sensitivity of 1.08 μA/mM (*n* = 5, *R*^2^ = 0.9923). The detection limit is 4.2 μM at the signal-to-noise ratio of 3. The response current increases linearly along with the increase of glucose concentration and gradually reached a saturation value at high glucose concentration. This is the characteristic of typical Michaelis-Menten kinetics. The apparent Michaelis-Menten constant ($K_{\text{m}}^{\text{app}}$), a reflection of the enzymatic affinity, is calculated to be 15.4 mM according to the Lineweaver-Burk equation (the inset of [Figure 6](#nanomaterials-05-01544-f006){ref-type="fig"}B). The value of $K_{\text{m}}^{\text{app}}$ agrees well with the reported value of 13.9 mM for the carbon nanotubes/polyacrylonitrile/GOD biosensor \[[@B30-nanomaterials-05-01544]\], and is lower than that of 19.2 mM for GOD on poly(methyl methacrylate)-bovine serum albumin core-shell nanoparticles \[[@B31-nanomaterials-05-01544]\], 23 mM for GOD encapsulated in polyvinyl alcohol silica hybrid films \[[@B2-nanomaterials-05-01544]\], 33 mM for GOD entrapped in a hydrogel matrix \[[@B32-nanomaterials-05-01544]\], and 27 mM for GOD itself in solution \[[@B33-nanomaterials-05-01544]\], which indicates that sol-SWNTs-AuNRs-immobilized GOD still possesses high bioactivity.

![(**A**) Current-time curves obtained at the sol-SWCNTs-(AuNRs-GOD)~4~/Au electrode for successive additions of 0.01 mM (curve a), 0.1 mM (curve b), and 1 mM (curve c) glucose in PBS at 0.35 V *vs*. saturated calomel electrode; (**B**) The calibration curve of the enzyme electrode as a function of glucose concentrations. Inset shows Lineweaver-Burk plot for the determination of $K_{\text{m}}^{\text{app}}$. Error bar = standard deviation (*n* = 5).](nanomaterials-05-01544-g006){#nanomaterials-05-01544-f006}

2.6. Selectivity, Reproducibility, and Stability {#sec2dot6-nanomaterials-05-01544}
------------------------------------------------

Three kinds of possible interfering substances, 0.5 mM uric acid, 0.1 mM ascorbic acid, and 0.1 mM acetaminophen, were used for measurement in our experiments, and no noticeable interfering current was detected through measuring the amperometric response to 5 mM glucose. Relative standard deviation of the current response to 5 mM glucose was 7% for six successive measurements, indicating an acceptable reproducibility. In order to evaluate the stability, the amperometric response of the sol-SWCNTs-(AuNRs-GOD)~4~/Au electrode to 5 mM glucose was measured every day. It still remained with 90% of its initial current response after one month. The good performance of the biosensor could be mainly attributed to the advantages of the three-dimensional sol-gel matrix and stereo self-assembly films, and the natural features of one-dimensional nanostructures AuNRs and SWCNTs, which can provide a favorable microenvironment for enzyme immobilization and electron transfer.

3. Experimental Section {#sec3-nanomaterials-05-01544}
=======================

3.1. Reagents {#sec3dot1-nanomaterials-05-01544}
-------------

Glucose oxidase from Aspergillus niger (GOD, EC1.1.3.4, 202 units/mg protein) and (3-mercaptopropyl) trimethoxy silane (MPTMOS) were purchased from sigma-Aldrich. SWCNTs (diameter 1--2 nm and length 0.5--2 μm) were obtained from Chengdu Institute of Organic Chemistry (Chengdu, China). HAuCl~4~·4H~2~O, AgNO~3~, NaBH~4~, l-ascorbic acid, and cetyltrimethylammonium bromide (CTAB) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All the reagents were of analytical grade and used without further purification. pH 7.0 PBS was employed as supporting electrolyte. All experiments were performed at room temperature, approximately 25 °C.

3.2. Apparatus and Measurements {#sec3dot2-nanomaterials-05-01544}
-------------------------------

Electrochemical measurements were carried out with CHI800C electrochemical analyzer (Chen Hua Instruments, Shanghai, China). The experiments were performed with a conventional three-electrode system in an electrochemical cell filled with 20 mL of PBS at room temperature. The working electrode was the enzyme-modified Au electrode. A saturated calomel electrode (SCE) and platinum wire electrode were used as reference electrode and auxiliary electrode, respectively. Absorbance measurements were carried out on a UV/VIS spectrometer (Lambda 35, Perkin-Elmer, Norwalk, CT, USA). Transmission electron microscopy (TEM) measurement was carried out on a JEM-2100HR TEM at 200 kV.

3.3. Preparation of the Glucose Biosensor {#sec3dot3-nanomaterials-05-01544}
-----------------------------------------

### 3.3.1. Preparation of PDDA-AuNRs and Sol-SWCNTs {#sec3dot3dot1-nanomaterials-05-01544}

AuNRs were prepared according to the silver ion-assisted seed-mediated method using CTAB as template \[[@B34-nanomaterials-05-01544]\]. The synthesis of the PDDA-AuNRs was as follows: first, the as-prepared AuNRs solution were purified to remove excess free surfactant CTAB by centrifugation at 5000 rpm for 10 min and further washed with water. Second, the purified AuNRs were dispersed in PDDA solution, and kept overnight under stirring. Third, to remove the excess of free PDDA, PDDA-AuNRs suspension was centrifuged twice at 5000 rpm for 10 min, and the precipitate was re-dispersed in PBS. The thiolated aqueous silica sol was prepared according to the literature \[[@B19-nanomaterials-05-01544],[@B35-nanomaterials-05-01544]\]. Sol-SWCNTs were prepared in multistep process as previously reported \[[@B20-nanomaterials-05-01544]\]. In brief, SWCNTs were sonicated in PDDA solution, then centrifuged at 10,000 rpm for 10 min, and the supernatant containing PDDA-SWCNTs was collected. PDDA-SWCNTs were added into the thiolated aqueous silica sol solution, and sonicated for 10 min, yielding a homogeneous black sol-SWCNTs suspension.

### 3.3.2. Configuration of the Glucose Biosensor {#sec3dot3dot2-nanomaterials-05-01544}

The bare Au electrode was first immersed in the sol-SWCNTs suspension for 30 min, and thoroughly rinsed with PBS, which was applied at the end of each assembly deposition for dissociating the weak adsorption. Afterward, the sol-SWCNTs-modified Au electrode was immersed in PDDA-AuNRs suspension for 5 h, and then transferred to GOD solution for 30 min. The AuNRs-GOD-treated electrode was expressed as sol-SWCNTs-AuNRs-GOD/Au electrode. Finally, the sol-SWCNTs-AuNRs-GOD/Au electrode was alternately immersed in PDDA-AuNRs and GOD solution until desired layer number of AuNRs-GOD was achieved, and the as-prepared electrode was denoted as sol-SWCNTs-(AuNRs-GOD)*~n~*/Au electrode.

4. Conclusions {#sec4-nanomaterials-05-01544}
==============

This paper presents a novel amperometric glucose biosensor based on stereo self-assembly multilayers of AuNRs-GOD on the three-dimensional sol-SWCNTs matrix-modified Au electrode surface. Among the resulting biosensors, the biosensor based on four layers of AuNRs-GOD bilayer showed the best performance. The resulting sol-SWCNTs-(AuNRs-GOD)~4~/Au electrode has a fast and sensitive response and a wide linear detection range to glucose with good stability and selectivity. The three-dimensional sol-SWCNTs matrix and stereo self-assembly films of AuNRs-GOD can provide a promising material for the biosensor designs and other biological applications. The general idea and preparation method presented in this study may offer a new facile way to fabricate the enzyme-based biosensor with high performance.
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